Abstract Purpose: Hyperactivation of the phosphatidylinositol 3-kinase/Akt signaling through disruption of PTEN function is common in glioblastoma multiforme, and these genetic changes are predicted to enhance sensitivity to mammalian target of rapamycin (mTOR) inhibitors such as RAD001 (everolimus). Experimental Design: To test whether PTEN loss could be used as a predictive marker for mTOR inhibitor sensitivity, the response of 17 serially transplantable glioblastoma multiforme xenografts was evaluated in an orthotopic therapy evaluation model. Of these 17 xenograft lines, 7 have either genomic deletion or mutation of PTEN. Results: Consistent with activation of Akt signaling, there was a good correlation between loss of PTEN function and elevated levels of Akt phosphorylation. However, of the 7 lines with disrupted PTEN function, only 1 tumor line (GBM10) was significantly sensitive to RAD001 therapy (25% prolongation in median survival), whereas 1of 10 xenograft lines with wild-type PTEN was significantly sensitive to RAD001 (GS22; 34% prolongation in survival). Relative to placebo, 5 days of RAD001treatment was associated with a marked 66% reduction in the MIB1 proliferation index in the sensitive GBM10 line (deleted PTEN) compared with a 25% and 7% reduction in MIB1labeling index in the insensitive GBM14 (mutant PTEN) and GBM15 (wild-type PTEN) lines, respectively. Consistent with a cytostatic antitumor effect, bioluminescent imaging of luciferasetransduced intracranial GBM10 xenografts showed slowed tumor growth without significant tumor regression during RAD001therapy. Conclusion: These data suggest that loss of PTEN function is insufficient to adequately predict responsiveness to mTOR inhibitors in glioblastoma multiforme.
The mammalian target of rapamycin (mTOR) is an important modulator of mitogenic signaling in both normal and tumor cells, and small-molecule inhibitors of mTOR have shown promising activity in several tumor types (1 -3) . mTOR functions to integrate mitogenic signals with the nutrient status of the cell to promote cell growth and proliferation only under adequate nutrient conditions. mTOR signals to multiple components of the protein translation machinery to promote the translation of a subset of mRNA transcripts with complex 5 ¶-untranslated regions (reviewed in ref. 4 ). Many of these gene products are important for driving tumor cell growth, proliferation, and angiogenesis, and the antitumor effects of mTOR inhibitors are predominantly linked to disruption of these processes.
Mitogenic activation of mTOR signaling is controlled in part through the phosphatidylinositol 3-kinase (PI3K)/Akt signaling pathway. Akt-mediated phosphorylation of both mTOR itself and the mTOR inhibitory molecule TSC2 can promote activation of mTOR signaling (5 -8) . The PI3K/Akt signaling pathway is commonly hyperactivated in glioblastoma multiforme through functional loss of the PTEN tumor suppressor protein. In keeping with the hypothesis that constitutive hyperactivity within a signaling pathway results in hypersensitivity to pathway inhibition, several studies in isogenic tumor models have shown that loss of PTEN function results in increased sensitivity to mTOR inhibitors (9 -11) . These observations have prompted several groups to propose clinical trials in which only those patients with tumors lacking PTEN function would be treated with a mTOR inhibitor-based regimen. However, other factors, such as energy deprivation and amino acid starvation, are also important mediators of mTOR activity (12 -20) , and given these data, it is not clear whether PTEN status is a major factor that influences in vivo responses to mTOR inhibitors in patient tumors.
We have reported previously the development of a panel of glioblastoma multiforme xenografts established from patient samples and passaged serially in the flank of nude mice, and we have used this panel for assessing the influence of epidermal growth factor receptor (EGFR) amplification status and PTEN status on responsiveness to the EGFR inhibitor erlotinib (21) . To understand more fully whether PTEN status would be a useful predictor of response to therapy with the mTOR inhibitor RAD001 (everolimus), we correlated the molecular status of PTEN within our xenograft lines with the extent of survival prolongation for orthotopic tumors established from these lines following therapy with RAD001. The results of this study suggest that loss of PTEN function is insufficient to predict RAD001 sensitivity.
Materials and Methods
Cell culture assays. Established gliomas cell lines differing in PTEN status (PTEN-/-: LN401, BS125II.2, BS153, and U87; PTEN+/+: LN229, LN427, LN751, and LN428) were plated into 96-well plates, incubated overnight, and then treated with graded concentrations of RAD001. After 4 days of incubation at 37jC, cells were fixed onto the plates with 6% glutaraldehyde. After washing in water, cells were stained with methylene blue, washed, and incubated with 3% hydrochloric acid and absorbance was measured at 650 nm. The IC 50 values (RAD001 concentration that reduces methylene blue staining by 50%) for each line were calculated using Softmax 1.2.0 software. U87 and U251 cells also plated and treated with RAD001 as described above and then pulsed with [ 3 H]thymidine for 2 h. Cells were harvested by trypsinization, transferred onto glass filters, and lysed in distilled water. Filter-bound radioactivity was determined by liquid scintillation counting.
Xenograft information. Each of the 17 serially passaged xenografts used in this study were derived from tumors of different patients. Molecular genetic alterations and corresponding patient tumor histopathologic classifications for 15 of xenografts have been described previously (21, 22) : 2 additional xenografts not reported previously, GBM16 and GBM34, both diagnosed as glioblastoma, have been included in the current investigation. Prior institutional review board authorization was obtained for the use of human tissue to establish the xenograft lines.
Orthotopic xenograft model and therapy response experiments. All xenograft therapy evaluations were conducted using an orthotopic tumor model and a protocol approved by the Mayo Institutional Animal Care and Use Committee. Flank tumor xenografts were harvested, mechanically disaggregated, and grown in short-term cell culture (5-14 days) in DMEM supplemented with fetal bovine serum, 1% penicillin, and 1% streptomycin. Cells were harvested by trypsinization and injected with 3 Â 10 5 cells into the right basal ganglia of anesthetized athymic nude mice (Ncr-nu/nu, National Cancer Institute). Before treatment initiation, animals were randomized to treatment and control groups of 5 to 10 mice each. RAD001 therapy was initiated 2 weeks before the time mice were expected to become moribund. A microemulsion of RAD001 (10 mg/kg/d, Monday-Friday) or the corresponding vehicle control (courtesy of Dr. Heidi Lane, Novartis Institutes for BioMedical Research, Oncology Basel) was administered by oral gavage until mice became moribund or a minimum of 4 weeks of treatment was completed. All mice used for therapy response evaluations were observed daily and euthanized at the time of reaching a moribund condition.
Bioluminescence imaging. GBM10 xenograft cells were transduced with an HIV1-based lentiviral vector expressing firefly luciferase (Fluc) as described previously (21) . Fluc-modified GBM10 cells were used to establish intracranial tumors that were monitored for RAD001 response by longitudinal bioluminescence imaging. For bioluminescent imaging, mice were injected with 100 Ag luciferin, simultaneously anesthetized with ketamine/xylazine, and subsequently imaged with a cooled CCD camera (IVIS 200; Xenogen). Tumor light output was quantitated using the Living Image 2.5 software package (Xenogen). For each imaging session, relative light output for each mouse was normalized to the pretreatment value.
Immunoblotting. Flank tumor tissues were lysed in a detergentcontaining buffer: 50 mmol/L HEPES (pH 7.6), 30 mmol/L NaPPi, 10 mmol/L NaF, 150 mmol/L NaCl, 1 mmol/L EDTA, 1% Triton X-100, 10 ng/mL aprotinin, 10 ng/mL pepstatin, 10 ng/mL leupeptin, 20 nmol/L microcystin, 0.1 mmol/L phenylmethylsulfonyl fluoride, and 1 mmol/L sodium orthovanadate. Lysates were cleared of insoluble material by centrifugation. Samples were boiled in SDS sample buffer, equal amounts of protein were loaded and electrophoresed through SDS-PAGE gels, and resolved proteins were transferred to Immobilon-P membranes (Millipore). Membranes were blocked with 5% milk dissolved in TBS containing 0.02% Tween 20 and then incubated with primary antibody diluted in the same buffer. After washing, membranes were incubated with either goat anti-rabbit (Cell Signaling) or goat antimouse (Pierce) antibodies conjugated to horseradish peroxidase. Blots were developed with Super Signal Chemiluminescence reagent (Pierce). Immunoblotting was done with phosphospecific antibodies first and then membranes were stripped and reprobed with the relevant antibodies against corresponding total protein. Antibodies used in this study for detection of total mTOR, phospho-S2481 mTOR, total p70S6 kinase, phospho-T389 p70S6 kinase, total S6, phospho-S240/244 S6, EGFR, total PTEN, total Erk, phospho-T202/Y204 Erk, total Akt, phospho-T308 Akt, phospho-S473 Akt, total STAT3, phospho-Y705 STAT3, total GSKh, phospho-S9 GSKh, total TSC2, and phospho-T1462 TSC2 were all obtained from Cell Signaling; antibody for detection of h-actin was obtained from Sigma.
Immunohistochemistry. Brains from mice with intracranial tumor were resected and then bisected along the needle tract used for injecting the tumor cells. Half of each bisected brain was placed in formalin and subsequently embedded in paraffin. The other half of each brain was frozen in OCT. MIB1 immunohistochemistry and quantitation of MIB1 labeling index were done as described previously (21) . For CD31 analysis, frozen sections of corresponding OCT-embedded tissues were fixed in acetone and stained with rat anti-mouse CD31a antibody (clone MEC13.3; BD PharMingen) at a 1:50 dilution. The number of CD31-staining microvessels for each tumor section was quantified in three fields at Â60 magnification. Terminal deoxynucleotidyl transferase -mediated dUTP nick end labeling analysis was done using the ApopTag Plus Peroxidase In Situ apoptosis detection kit (Chemicon) as described previously (21) .
For phospho-S6 IHC, paraffin-embedded sections were deparaffinized with HistoClear and rehydrated with ethanol washes. Following steam citrate antigen retrieval, slides were incubated with a rabbit polyclonal anti-phospho-S240/244 S6 antibody (Cell Signaling Technologies). After incubation with a goat anti-rabbit secondary antibody and ABC reagent (Vector Laboratories), staining was developed with NovaRed Developing Reagent, and slides were counterstained with hematoxylin.
Reverse transcription-PCR. Tumor tissue was homogenized in TRIzol (Invitrogen) and subsequently clarified by centrifugation. Chloroform/ isopropanol extraction was used to isolate RNA, and cDNA was synthesized with an oligo(dT) primer and MMLV reverse transcriptase (Promega). PCR amplification of human PTEN transcripts was done using PCR primers that specifically recognize human, but not (23) . PCR for h-actin was done as a control as described (24) .
Statistics. Comparison of IC 50 values for PTEN-/-and PTEN+/+ tumor cells was done using a rank-sum test. Cumulative survival probabilities were estimated using the Kaplan-Meier method. Survival of treatment groups was compared using the log-rank test. Survival was also compared between groups using the m 2 test. For this analysis, the median survival was calculated for both groups combined (placebo + RAD001). Following this, mice in each group were classified as living greater than or less than the median survival. The m 2 test was then used to compare the two groups on the percentage of mice that lived longer than the combined median survival. A t test was used to compare proliferation rates, apoptosis, and CD31 microvessel density in controland RAD001-treated groups. A repeated-measures ANOVA with an autoregressive correlation structure was used to compare luminescent imaging between the RAD001 and placebo groups. For this analysis, tumor luminescence value was the dependent variable and treatment group was the independent variable. In call cases, P values V 0.05 were considered statistically significant.
Results
Comparison of in vitro evaluation of RAD001 response. The sensitivity of four established glioblastoma multiforme xenograft lines with wild-type PTEN status (+/+) and four glioblastoma multiforme lines lacking PTEN function (-/-) was evaluated in an in vitro cell growth assay, and the concentration associated with 50% inhibition of growth (IC 50 ) was calculated for each line. As seen in Fig. 1A , cell lines lacking wild-type PTEN function were significantly more sensitive to RAD001 (median IC 50 , 3.5 nmol/L) compared with cell lines with wildtype PTEN function (median IC 50 , 22.9 nmol/L; P = 0.03). In a parallel study, the RAD001 sensitivity of U87 and U251 glioma lines, which both lack PTEN function, were tested both in vitro and in vivo. Following a 96-hour incubation with RAD001, cellular proliferation, as measured by [ 3 H]thymidine uptake, was reduced to a significantly greater extent in U87 cells ( 3 H uptake was 43% of control at 10 nmol/L; Fig. 1B ) compared with U251 ( 3 H uptake was 83% of control at 10 nmol/L; P = 0.01). In contrast, orthotopic U87 xenografts were resistant to daily oral systemic therapy with RAD001 (median survival, 39 versus 38 days for placebo versus RAD001 treatment; P = 0.92, log-rank), whereas treatment of orthotopic U251 xenografts with RAD001 significantly prolonged survival (median survival, 32 versus 52 days for placebo versus RAD001 treatment; P = 0.007, log-rank; Fig. 1C and D) . A similar pattern of mTOR inhibitor sensitivity was seen in flank tumor regrowth delay assays in which mTOR inhibition by rapamycin was significantly more effective at suppressing tumor growth in U251 xenografts compared with U87 xenografts (data not shown; ref. 25) . Because of the significant discrepancy between in vitro and in vivo results, we elected to test RAD001 in an orthotopic therapy evaluation model using our unique panel of 17 xenograft lines.
PTEN status in the Mayo glioblastoma multiforme xenograft panel. Given the potential importance of PTEN function in modulating mTOR inhibitor sensitivity, the molecular and genetic status of PTEN was assessed in the Mayo glioblastoma multiforme xenograft panel using four independent methods: direct genomic sequencing, genomic PCR, human-specific reverse transcription-PCR, and Western blotting. The former two assays showed intact wild-type genomic PTEN genes in 9 of 17 xenograft lines, PTEN sequence mutations in 2 of 17 lines, and homozygous deletion of PTEN in 5 of 17 lines (Table 1) . Consistent with this genomic analysis, no PTEN mRNA was detected by reverse transcription-PCR in the xenograft lines found to have homozygous deletion of PTEN, whereas PTEN Fig. 2A) . However, significant accumulation of PTEN protein was observed only in xenografts with wild-type PTEN sequence and in GS28 with a PTEN point mutation (Fig. 2B) . Consistent with hyperactivation of PI3K signaling, lack of PTEN expression was associated with increased phosphorylation of Akt on both S473 and T308 ( Fig. 2C ; data not shown). A weaker correlation was observed between Akt phosphorylation and phosphorylation of its downstream targets GSK3h on Ser 9 and TSC2 on T1462. Thus, within this genetically diverse panel of tumors, there is a broad range in the level of PI3K/Akt signaling associated with loss of PTEN function.
Survival analysis with RAD001 treatment. Sensitivity of each xenograft line to RAD001 was determined in a series of survival experiments. Groups of mice with established intracranial xenografts, derived from each of the 17 glioblastoma multiforme xenograft lines, were randomized and treated with RAD001 or placebo. Therapy was initiated f2 weeks before the mice developing signs of advanced tumor burden in an effort to mimic the likely use of this agent in patients with clinically evident tumor. In several tumor lines, the survival experiments were repeated one or more times to confirm the benefit or lack of benefit for RAD001 therapy. The results from all experiments for a given tumor line were pooled for analysis and are presented in Table 1 . The corresponding survival curves for each xenograft line can be found in Supplementary Fig. S1 . Two statistical methods were used to determine survival benefit: log-rank test and a m 2 test as described in the statistical methods. From these analyses, two xenograft lines, GBM10 and GS22, were identified as being significantly sensitive to RAD001 therapy by both tests (Fig. 3A and B) . RAD001 treatment resulted in 25% prolongation in median survival for GBM10 (PTEN deleted; P < 0.001, log-rank and P < 0.001, m 2 ) and 34% prolongation in median survival for GS22 (PTEN wild-type; P = 0.002, log-rank and P = 0.005, m 2 ). In two other xenograft lines, RAD001 treatment was associated with a marginal but significant prolongation in survival by one but not both statistical assays (Fig. 3C and D) : 12% survival prolongation in GS28 (PTEN mutant; P = 0.04, log-rank, P = 0.13, m 2 ) and 11% survival prolongation in GBM44 (PTEN wild-type; P = 0.75, log-rank, P = 0.05, m 2 ). In light of the limited survival benefit observed in these two lines, we conclude that only GBM10 and GBM22 are robustly sensitive to RAD001 therapy.
Activation status of EGFR and mTOR signaling pathways. Presumably, tumor lines with constitutive activation of mTOR signaling should be more sensitive to mTOR inhibition. Therefore, autophosphorylation of mTOR at S2481 was evaluated. Interestingly, mTOR phosphorylation was quite low in the sensitive GBM10 xenograft (PTEN deleted) and relatively elevated in the sensitive GBM22 line (PTEN wild-type; Fig. 4) . Downstream from mTOR, there was a poor correlation between mTOR activation and phosphorylation levels within the activation loop (T389) of p70S6K or the downstream p70S6K target, ribosomal S6 protein, and there was no apparent correlation with phosphorylation of these targets and sensitivity to RAD001 (Fig. 4) .
EGFR amplification occurs in f40% of primary glioblastoma multiforme tumors, which can contribute to constitutive activation of the PI3K and mitogen-activated protein kinase signaling pathways. Similar to the incidence in primary tumors, high-level EGFR amplification (22, 26) and expression (Supplementary Fig. S2 ) were observed in 7 of 17 (41%) xenograft lines. High-level EGFR expression was associated with elevated Erk phosphorylation, although several lines lacking EGFR expression also maintained significant levels of Erk phosphorylation ( Supplementary Fig. S2 ). Similarly, with the exception of GBM6, EGFR overexpression was associated with increased STAT3 phosphorylation, although several lines with low EGFR expression also had elevated phospho-STAT3 (Supplementary Fig. S2 ). As in the mTOR signaling analysis, there was no apparent correlation between EGFR amplification and mTOR sensitivity, although both RAD001-sensitive tumor lines lacked EGFR amplification or evidence of constitutive EGFR signaling. RAD001 effects on proliferation, apoptosis, and angiogenesis. The antitumor effects of mTOR inhibitors have been variably attributed to inhibition of tumor proliferation, induction of apoptosis, and/or inhibition of angiogenesis. To assess the influence of RAD001 on these processes in both sensitive and resistant xenograft lines, mice with established intracranial tumors derived from GBM10, GBM14, and GBM15 were randomized to treatment with placebo or RAD001 for 5 days and then mice were euthanized and tumors were sectioned for analysis. RAD001 treatment resulted in a marked reduction in tumor proliferation in GBM10 ( Fig. 5A ; 44 F 8% labeling index with placebo versus 17 F 6% with RAD001; P < 0.001), a modest reduction in proliferation in GBM14 (40 F 8% versus 32 F 11%, respectively; P = 0.03), and no effect on proliferation in GBM15 (57 F 6% versus 53 F 6%, respectively; P = 0.46). Consistent with efficient inhibition of mTOR signaling in the resistant GBM15 tumor, S6 phosphorylation levels were significantly suppressed in intracranial tumor sections derived from mice treated with RAD001 (Fig. 5B) .
mTOR inhibitors are associated with inhibition of angiogenesis and induction of apoptosis; therefore, we also evaluated the effects of RAD001 on these two processes using the same treated and untreated tumor samples described above. In contrast to the effects on proliferation, RAD001 had no significant effect on the induction of apoptosis in any of the three lines, with the fraction of terminal deoxynucleotidyl transferase -mediated dUTP nick end labeling -positive cells being <3% in all tumor lines regardless of treatment (Supplementary Fig. S3A) . Similarly, RAD001 treatment had no significant effect on CD31 microvessel density or vascular endothelial growth factor expression levels. The density of CD31 + microvessels following 5 days of treatment with placebo or RAD001 were 10 F 4 versus 12 F 6 vessels/highpower field, respectively, for GBM10 (P = 0.6), 26 F 6 versus 24 F 6 vessels/high-power field, respectively, for GBM14 (P = 0.5) and 17 F 7 versus 19 F 7 vessels/high-power field, respectively, for GBM15 (P = 0.6; Supplementary Fig. S3B) . Thus, the efficacy of RAD001 in our xenograft model system does not appear related to either induction of apoptosis or suppression of angiogenesis.
To follow-up these mechanistic studies, the influence of RAD001 on intracranial tumor burden was monitored over time using bioluminescent imaging. GBM10 cells were infected with a lentivirus containing a firefly luciferase expression cassette, and the Fluc-expressing cells were used to establish orthotopic xenografts. Once all mice had detectable luciferase activity by bioluminescent imaging, then mice were randomized and treated with placebo or RAD001 starting on day 20. As seen in Fig. 5C and D, RAD001 treatment was associated with a significantly lower level of tumor luminescence, and once RAD001 treatment was discontinued, the luminescence output from the tumors markedly accelerated. In a repeatedmeasures ANOVA model fit over four observations [days 16 (before drug treatment), 24, 31, and 38] RAD001 had significant lower levels of tumor luminescence compared with placebo treated mice (P = 0.01). After the day 38 observation point, all placebo mice were dead. Collectively, the immunohistochemical analyses and the bioluminescent study are consistent with a predominantly cytostatic mechanism of antitumor effect by RAD001.
Discussion
The goal of molecular oncology is to identify the most efficacious therapy for an individual patient based on their tumor molecular phenotype. Previous studies have suggested that activation of the PI3K/Akt/mTOR signaling pathway resulting from loss of PTEN function would predict for sensitivity to mTOR inhibitor therapy, and in this study, we tested this hypothesis in an intracranial therapy evaluation model using a panel of glioblastoma multiforme xenografts. In contrast to traditional cultured cell lines in which EGFR amplification and normal PTEN function are often lost, our method for establishing and maintaining human glioblastoma multiforme xenografts by serial transplantation in the flank of nude mice allows for preservation of EGFR amplification status (26) and maintenance of PTEN expression. To maximize the clinical relevance of these studies, response to therapy was studied in an orthotopic model with chronic RAD001 dosing initiated in mice with established intracranial tumors. Using this model, we identified 2 of the 17 xenograft lines (12%) in which chronic RAD001 dosing significantly extended survival Research.
on April 20, 2017. © 2008 American Association for Cancer clincancerres.aacrjournals.org Downloaded from of tumor-bearing mice (GBM10 and GS22). However, in contrast to expectations, PI3K/Akt activation associated with loss of PTEN function was observed in only 1 of 2 sensitive xenografts (GBM10). These data suggest that PTEN expression or Akt activation status may not be a sufficiently robust predictor of mTOR inhibitor responsiveness in glioblastoma multiforme to allow assignment of therapy.
Two clinical studies have evaluated monotherapy with a mTOR inhibitor (CCI-779/temsirolimus) in patients with recurrent glioblastoma multiforme, and the extent of benefit in these studies is similar to that seen in our xenograft panel. In a North Central Cancer Treatment Group study of 68 patients with recurrent glioblastoma multiforme, no patients met the criteria for an objective response (>25% tumor shrinkage), although 36% of patients had improvement in the extent of T2 signal abnormality on magnetic resonance imaging, and these ''responding'' patients had a significantly longer median time to progression (5.4 months) compared with ''nonresponders'' (1.9 months; ref. 27) . Interestingly, in this study, there was no correlation between PTEN deletion or lack of expression and these imaging responses. In a similar study by the North American Brain Tumor Consortium, 43 patients with recurrent glioblastoma multiforme were treated with CCI-779. Two patients had partial responses and 20 patients were classified as having stable disease, although the median time to progression was only 2.1 months (28) . Similar to these clinical results (objective tumor shrinkage observed in only 2 of 111 patients treated on these two clinical trials), RAD001 treatment in the sensitive GBM10 xenograft line was associated with inhibition of tumor growth, as measured by bioluminescent imaging, without significant tumor regression (Fig. 5D ). Consistent with a predominantly cytostatic mechanism of action, RAD001 treatment resulted in a 61% reduction in proliferative rate in GBM10 (Fig. 5A ) but had no effect on apoptosis induction (Supplementary Fig. S3A ). In contrast to a previous study with GL261 heterotopic glioma xenografts (29), RAD001 did not have an appreciable affect on microvessel density. Although the antiangiogenic effects of RAD001 and other mTOR inhibitors are well established in nonglioma tumor models (30 -32) , the lack of effect of RAD001 on microvessel density suggest that suppression of angiogenic signaling is not required for the cytostatic effects of RAD001.
The limited numbers of clinical responses to mTOR inhibitor therapy in recurrent glioblastoma multiforme and the relatively low frequency of sensitive tumors in our xenograft panel are in distinct contrast to our in vitro studies using established glioblastoma multiforme tumor lines (Fig. 1A) and previously published studies in traditional glioma models. Prolongation in survival with mTOR inhibitor therapy has been published in U251 and D54 orthotopic glioma xenografts and in U87, U251, D54, and GL261 heterotopic xenografts 9 (29, 33 -36) . Orthotopic U87 xenografts are the only tumor line that has been reported previously as being resistant to mTOR inhibitor therapy (35) . This high rate of sensitivity to mTOR inhibitors in xenografts derived from conventional cell lines partly may reflect adaptive changes associated with the long-term culturing of tumor cells in vitro. Location of tumor implantation likely is an important determinant of responsiveness. In one study, suppression of tumor growth by rapamycin in U87 flank tumors was associated with inhibition of vascular endothelial growth factor expression, whereas U87 orthotopic tumors had much lower vascular endothelial growth factor expression and were insensitive to RAD001 therapy (35) . These results highlight the potential influence of tumor microenvironment on responsiveness to molecular inhibitors. Consistent with this idea, we and others have observed that relative sensitivities of U87 and U251 are significantly different in vitro versus in vivo ( Fig. 1; ref. 36 ), although we have not observed differences in sensitivity to mTOR inhibition in these two lines when grown in the orthotopic versus heterotopic position. Presumably, the discrepancy between in vitro and in vivo responsiveness to RAD001 reflects the central role mTOR plays in modulating tumor cell growth and proliferation in response to nutrient and energy stressors that are not normally encountered in cell culture conditions. Drug penetration through the blood-brain barrier also is an important determinant of drug efficacy in brain tumors. Although we have not formally tested the integrity of the blood-brain barrier of orthotopic xenografts derived from our xenograft lines, RAD001 was effective at inhibiting mTOR signaling to ribosomal S6 protein in at least one RAD001-resistant xenograft line grown in an orthotopic position (GBM15; Fig. 5B) . Thus, the selection of tumor models and growth conditions can have significant influence on the clinical translatability of laboratory studies directed at identifying relevant clinical markers for mTOR inhibitor sensitivity in glioblastoma multiforme.
Hyperactivation of the PI3K/Akt/mTOR pathway through inactivation of PTEN has been linked to increased sensitivity to mTOR inhibitors in multiple tumor models and has been suggested as a potential molecular marker of mTOR inhibitor sensitivity (37) . Similar to the incidence of PTEN loss in human tumor specimens, 7 of 17 xenografts tested had inactivation of PTEN function either through homozygous deletion or mutation. However, of the two RAD001-sensitive xenografts, only GBM10 is homozygous deleted with an associated lack of detectable PTEN transcript by reverse transcription-PCR (Fig. 2) , whereas the other sensitive tumor, GS22, has wild-type PTEN sequence and detectable expression level by reverse transcription-PCR and Western blotting. PTEN protein expression was inversely associated with Akt phosphorylation levels in most, but not all, xenograft lines, which is similar to results from studies of clinical specimens (38, 39 ). Consistent with low-level Akt signaling activity in the RAD001-sensitive GS22, phosphorylation of the Akt substrate GSK-3h on S9 was significantly reduced relative to GBM10. Interestingly, autophosphorylation at S2481 of mTOR and phosphorylation of the downstream p70S6 kinase molecule was poorly correlated with Akt activation status, and neither marker correlated with responsiveness to RAD001 in GBM10 or GS22. This discrepancy between Akt and mTOR activation status is consistent with a recent analysis in which phosphorylation states of Akt and mTOR were poorly correlated in human glioblastoma multiforme patient tumor specimens assessed by immunohistochemistry (40) . Both this latter study in patient tumor specimens and the current study in xenograft tissues suggest that Akt phosphorylation status or PTEN functional status likely will not be robust predictors of response to mTOR inhibitor therapies in clinical trials.
Presumably, this lack of correlation reflects the importance of other signaling pathways independent of PI3K/Akt that can modulate mTOR function. Specifically, TSC2 function is regulated not only by Akt but also by mitogen-activated protein kinase and AMP-activated protein kinase signaling pathways, and mTOR activity is affected directly by hypoxia and amino acid starvation. Recent studies have shown that p53 signaling through AMP-activated protein kinase can suppress mTOR function (41) . Given that GS22 has mutated p53 (data not shown), one possibility is that loss of this p53/AMP-activated protein kinase inhibitory mechanism in GS22 allows for mTOR activation in the face of wild-type PTEN function and may be important for sensitivity to RAD001 in vivo. This hypothesis could be readily tested by restoring wild-type p53 expression in these cells and then evaluating the in vivo response to RAD001. This opportunity to generate alternative hypotheses regarding RAD001 sensitivity highlights the advantage of testing novel therapeutic agents in a genetically diverse panel of human glioblastoma multiforme xenografts.
In conclusion, through an evaluation of 17 xenograft lines, we have identified 2 glioblastoma multiforme xenografts that are significantly sensitive to the mTOR inhibitor RAD001. These results are consistent with clinical data and emphasize the value of in vivo testing in our xenograft panel for evaluating novel therapeutic strategies. In contrast to in vitro response data in established glioblastoma multiforme lines, there was a poor correlation between loss of PTEN function in our xenograft lines and RAD001 response in vivo. These results suggest that PTEN expression alone may be a poor predictor of mTOR inhibitor therapy response in patients.
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